Saccharide sensing is a current topic of interest in molecularrecognition chemistry because of the importance of determining saccharide concentrations in physiological fluids and clarifying the functions of glycoproteins at biomembranes. 1, 2 Although several types of saccharide receptors having different recognition mechanisms are available, the most well-understood receptors are arylboronic acids. [3] [4] [5] [6] [7] [8] [9] [10] The advantage of arylboronic acids as saccharide receptors originates in the favorable stability of cyclic boronate esters that are formed on reacting arylboronic acids with saccharides, even in water. In addition, it is easy to read out photophysical signals, such as UV-visible and fluorescence signals, associated with the formation of cyclic boronate esters. However, arylboronic acids have intrinsic affinity towards D-fructose (D-fru) rather than D-glucose (D-glc), 11 the most important saccharide in physiological fluids. This disadvantage has been overcome by synthesizing ditopic arylboronic acids in which two boronic acid residues are precisely attached to a single molecule. [12] [13] [14] [15] We recently reported a novel saccharide probe that showed a favorable fluorescent response in the presence of D-glc. 16 This novel supramolecular fluorescent probe, which is composed of β-cyclodextrin (β-CD) bearing a phenylboronic acid moiety (1) and 1-heptyl-4-(4-dimethylaminostyryl)pyridinium (C7SP), demonstrated selectivity for D-glc rather than D-fru, although the saccharide receptor 1 showed affinity towards D-fru rather than D-glc. The complicated equilibria involving the 2:1 complex formation of 1 with C7SP prevented us from clarifying the exact mechanism of the observed D-glu selectivity of the 1-C7SP system in spite of its high fluorescence response. Thus, we embarked on examining the supramolecular complex formation and the fluorescence signaling for saccharides using a much simpler system, called C1SP, which is a methyl analogue of C7SP. Although the fluorescence signals are weaker for the 1-C1SP system than for the 1-C7SP system, 1 forms only a 1:1 inclusion complex with C1SP, making precise evaluation of the saccharide sensing mechanism feasible. Here, we report on a unique mechanism of the marked fluorescence enhancement and the D-glc selectivity of the supramolecular 1/C1SP complex based on equilibrium analysis in neutral and alkaline aqueous solutions containing saccharides. Our results revealed not only the unique fluorescence enhancement mechanism of the complexes of 1 with C1SP and C7SP in response to D-glc 
Introduction
Saccharide sensing is a current topic of interest in molecularrecognition chemistry because of the importance of determining saccharide concentrations in physiological fluids and clarifying the functions of glycoproteins at biomembranes. 1, 2 Although several types of saccharide receptors having different recognition mechanisms are available, the most well-understood receptors are arylboronic acids. [3] [4] [5] [6] [7] [8] [9] [10] The advantage of arylboronic acids as saccharide receptors originates in the favorable stability of cyclic boronate esters that are formed on reacting arylboronic acids with saccharides, even in water. In addition, it is easy to read out photophysical signals, such as UV-visible and fluorescence signals, associated with the formation of cyclic boronate esters. However, arylboronic acids have intrinsic affinity towards D-fructose (D-fru) rather than D-glucose (D-glc), 11 the most important saccharide in physiological fluids. This disadvantage has been overcome by synthesizing ditopic arylboronic acids in which two boronic acid residues are precisely attached to a single molecule. [12] [13] [14] [15] We recently reported a novel saccharide probe that showed a favorable fluorescent response in the presence of D-glc. 16 This novel supramolecular fluorescent probe, which is composed of β-cyclodextrin (β-CD) bearing a phenylboronic acid moiety (1) and 1-heptyl-4-(4-dimethylaminostyryl)pyridinium (C7SP), demonstrated selectivity for D-glc rather than D-fru, although the saccharide receptor 1 showed affinity towards D-fru rather than D-glc. The complicated equilibria involving the 2:1 complex formation of 1 with C7SP prevented us from clarifying the exact mechanism of the observed D-glu selectivity of the 1-C7SP system in spite of its high fluorescence response. Thus, we embarked on examining the supramolecular complex formation and the fluorescence signaling for saccharides using a much simpler system, called C1SP, which is a methyl analogue of C7SP. Although the fluorescence signals are weaker for the 1-C1SP system than for the 1-C7SP system, 1 forms only a 1:1 inclusion complex with C1SP, making precise evaluation of the saccharide sensing mechanism feasible. Here, we report on a unique mechanism of the marked fluorescence enhancement and the D-glc selectivity of the supramolecular 1/C1SP complex based on equilibrium analysis in neutral and alkaline aqueous solutions containing saccharides. Our results revealed not only the unique fluorescence enhancement mechanism of the complexes of 1 with C1SP and C7SP in response to D-glc 
Experimental

Reagents and chemicals
The synthesis of 1 was reported previously. 16 Styryl dye C1SP was purchased from Aldrich and used without further purification. Other chemicals were of the highest grade commercially available and used as received.
Fluorescence measurements
Fluorescence spectra of C1SP were measured on a Jasco FP-770 spectrofluorometer (uncorrected), excited at 450 nm. Phosphate buffers (I = 0.1 M) were used for pH 5.6 and 7.2 solutions, whereas carbonate buffer (I = 0.1 M) was used for a pH 9.6 solution.
Determination of binding constants
Scheme 1 shows the expected equilibrium involving 1, C1SP, and saccharide (S). Binding constants of 1 for C1SP (K1A, K1N, and K1B) were determined from the fluorescence variations of 1 caused by C1SP, followed by non-linear regression analyses based on the 1:1 host-guest complexation process. Regardless of the pH, the experimental data excellently correlated with theoretical binding isotherms (R > 0.9998). Stability constants of the boronate esters of 1 with saccharides (KS) were reported previously. 16 Binding constants of ternary complexes (K1S and KS1) were determined at pH 9.6, where 99% of 1 (pKa 7.63) existed in its anionic form. Under this pH condition, the boxtype equilibria inside the dotted line of Scheme 1 were surmised. Under the experimental condition of St » 1t (total concentrations of S and 1, respectively), the concentrations of 1, 1/C1SP, 1/S, and 1/S/C1SP are expressed as follows:
From Eqs. (1) - (4), the following square equation is derived:
--------
----------
The solution for this equation is written as: (6) From Eqs. (2) - (4) and (6), we calculated the concentration of every component involved in the equilibrium by non-linear regression analyses to obtain K1S on the basis of the following equation for the total fluorescence intensity (F):
Here, fC1SP and f1/C1SP are the fluorescence intensities of C1SP and 1/C1SP at unit molar concentration, determined independently in the absence of S. Non-linear regression analyses were conducted to determine K1S (KS1) and f1/S/C1SP. KS1 was calculated with the relationship K1BK1S = KSKS1.
Results and Discussion
Host-guest complexation of 1 with C1SP As shown in Fig. 1(A) , the weak fluorescence of C1SP in water exhibited a gain in intensity in the presence of 1. This large fluorescence enhancement was due to the π-π stacking interaction between the aromatic rings of 1 and C1SP. [18] [19] [20] The electrostatic interaction between the anionic boronate group of 1 and the cationic pyridinium group of C1SP also played an important role in the fluorescence enhancement of C1SP, as suggested by the stronger fluorescence of C1SP in the presence of 1 at pH 9.6 than at pH 5.6 or 7.2 ( Fig. 1(B) ). From the fluorescence variations of C1SP induced by 1, we determined the stability constants of the 1:1 host-guest complex of 1 with C1SP to be 4200 ± 90, 9500 ± 190, and 26300 ± 800 M -1 at pH 5.6 (K1A), 7.2 (K1N), and 9.6 (K1B), respectively. Since the pKa value of 1 is 7.63, the fact that K1B is larger than K1A or K1N clearly indicates the contribution of electrostatic interaction in the complexation of 1 with C1SP. Using K1A and K1B together with the pKa value of 1, we calculated the ideal K1N to be 10200 M -1 at pH 7.2, in good agreement with the experimentally determined K1N (9500 M -1 ). It is noted that the binding constant of β-CD in which no aromatic residue is present to interact with C1SP at pH 7.2 is 1050 ± 20 M -1 . This value is approximately 1/4 of the K1A value for which no contribution of electrostatic interaction is expected.
Thus, the contribution of π-π interaction is also evident in the 1/C1SP complex.
Effect of saccharides on fluorescence of the 1-C1SP system
As shown in Fig. 1(A) , the enhanced fluorescence of C1SP in the presence of 1 was further enhanced by the addition of D-glc. 
ANALYTICAL SCIENCES OCTOBER 2007, VOL. 23 Scheme 1 we found that the above concentration condition was optimum to gain the largest changes in the fluorescence intensity for saccharides. It should be noted that fluorescence response curves similar to Fig. 2 were also obtained for the 1-C7SP system. At this pH, 27% of 1 existed in its neutral form. Based on the apparent pKa values, the fractions of the anionic form of 1 bearing a saccharide moiety were 0.97, 0.53, 0.73, and 0.63, for D-fru, D-glc, D-gal, and D-man, respectively. Among the saccharides, D-glc was the least effective in converting 1 into its anionic form, although it most strongly enhanced the fluorescence of the 1-C1SP solution. In contrast, D-fru, which was the most effective in affording a negative charge to 1, enhanced the fluorescence of the 1-C1SP solution by only 1.1-fold. These findings indicate that the fluorescence enhancement by saccharides is not merely due to the stability of the 1/C1SP complex in which part of 1 exists in the boronate ester form.
On the mechanism of fluorescence enhancement by saccharides
Although we reported that the 1-C7SP system is a supramolecular saccharide sensor, 16 it remains unclear why the 1-C7SP system demonstrates a favorable fluorescence response to D-glc. Since the 1-C1SP system shows principally the same fluorescence response to saccharides as the 1-C7SP system, it can be reasonably assumed that both the 1-C1SP and 1-C7SP systems utilize essentially the same fluorescence response mechanism for saccharides. Thus, the simple 1-C1SP system is intrinsically superior to the complicated 1-C7SP system in exploring the response mechanism for saccharides.
To gain an insight into the fluorescence response mechanism of the 1-C1SP system, fluorescence changes induced by saccharides were investigated at pH 9.6, where 99% of 1 should exist in its anionic form and hence acid-base equilibrium would be negligible. In addition, the boronate ester formation of 1 with saccharides does not affect the acid-base equilibrium at pH 9.6. As a consequence, KS is directly applicable to further discussion. Figure 3 shows the fluorescence variations at 550 nm of the 1 (0.1 mM)-C1SP (0.03 mM) system at pH 9.6. The fluorescence of the 1-C1SP system was decreased upon the addition of saccharides. The steep decrease in fluorescence at low D-fru concentrations may be due to the large KS (2700 M -1 ). In contrast, the gradual decreases in fluorescence at low D-glc, Dgal, and D-man concentrations may reflect the small KS (69.1, 213, and 134 M -1 , respectively). The observed fluorescence decreases indicate that the boronate esters of 1 with saccharides would either suppress the formation of a host-guest complex of 1 with C1SP or lower the intrinsic fluorescence of the 1/C1SP complex.
To determine the origin of the observed fluorescence decrease of the 1-C1SP system, we carried out quantitative treatments to obtain KS1 (K1S) and f1/S/C1SP based on the box-type equilibria shown inside the dotted square in Scheme 1. Figure 4 shows the 1-induced fluorescence variations of C1SP in the presence of 30 mM saccharide. From the theoretical binding curves, which fitted excellently the experimental data (R > 0.998), we obtained the precise KS1, K1S, and f1/S/C1SP values, which are listed in Table 1 Table 1 . It is interesting to note that the affinity of 1 towards D-fru, D-gal, and D-man was reduced by approximately 2/3 when 1 accommodated C1SP into its cavity. However, the affinity of 1 towards D-glc was retained substantially (77%), even when 1 formed a complex with C1SP. Detailed examination of the KS1 and K1S values revealed that Dglc was the least effective in destabilizing the 1/S/C1SP ternary complexes.
Another advantage of D-glc over the other saccharides in relation to the fluorescence response of the 1-C1SP system was confirmed with the f1/S/C1SP values. The fundamental f1/C1SP value, which is the fluorescence intensity of the 1/C1SP complex at pH 9.6 normalized to that at pH 5.6, is 5.67, which is larger than the f1/S/C1SP values (3.14 -3.89) when D-fru, D-gal, and D-man are incorporated as saccharide species. In contrast, the f1/S/C1SP value of D-glc is 5.33, which is slightly smaller than the f1/C1SP value at pH 9.6. This slight difference indicates that D-glc has a limited effect on reducing the fluorescence of the 1/C1SP complex.
Combining the KS1 and f1/S/1C1SP values, we successfully clarified the mechanism for the observed D-glc selectivity of the 1-C1SP system at pH 7.2. Figure 5 illustrates schematically the complexes of 1, C1SP, and saccharides. At pH 9.6, C1SP prefers 1 to 1/S boronate esters in forming a host-guest complex because of the steric hindrance caused by the saccharide "cap". In this 1/C1SP complex, C1SP can attain the best position to interact with the phenylboronate residue of 1 through π-π and electrostatic interactions, producing strong fluorescence (Fig.  5A) . When D-glc is present in the 1-C1SP solution, 1 forms a boronate ester with D-glc. In the 1/D-glc/C1SP complex, the expected steric hindrance between the D-glc cap of 1 and C1SP is less pronounced, and thus C1SP can easily attain the best position to interact with the phenylboronate residue of 1, producing strong fluorescence (Fig. 5B) . In contrast to D-glc, when the other saccharides form boronate esters with 1, the saccharide moiety may cause a larger steric hindrance than the D-glc moiety in the 1/D-glc/C1SP complex. This large steric hindrance makes it difficult for C1SP to attain the best position to interact with the phenylboronate residue of 1 in the 1/S/C1SP (S = D-fru, D-gal, D-man) complexes (Fig. 5C ). Since the fluorescence of the 1/C1SP complex is primarily controlled by π-π and electrostatic interactions, the fluorescence of the 1/S/C1SP (S = D-fru, D-gal, D-man) complexes should be weaker than that of the 1/D-glc/C1SP complex.
Under neutral conditions, the predominant species is a weakly emissive 1/C1SP complex (Fig. 5D ). In the presence of saccharides, strongly emissive 1/S/C1SP complexes are formed, and hence the total fluorescence of the solution is enhanced for all saccharides. At high saccharide concentrations, where most of 1 is converted into boronate esters, the total fluorescence should be governed by the intrinsic fluorescence of the 1/S/C1SP complexes. In this context, the 1/D-glc/C1SP complex emits the strongest fluorescence among the 1/S/C1SP complexes, and thus D-glc is the most effective in enhancing the fluorescence of 1/C1SP in neutral solutions.
Conclusions
We found that the host-guest complex of 1 with C1SP, which is a simpler system than the previously reported 1-C7SP system, is an effective supramolecular host for saccharides, especially D-glc, showing a favorable fluorescence response as in the case of 1/C7SP complexes. The simplicity of the 1-C1SP system, compared to the 1-C7SP system, enabled us to gain an insight into the mechanism of fluorescence enhancement induced by saccharides, especially D-glc. The mechanism of the observed D-glc selectivity was clarified in this study. The similarity in the fluorescence responses of 1/C1SP and 1/C7SP strongly indicates that the observed D-glc selectivity of the 1-C7SP system may be explained by the same mechanism. Our results
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ANALYTICAL SCIENCES OCTOBER 2007, VOL. 23 Table 1 Binding constants of 1 and -CD for C1SP at pH 5.6 (K1A), 7.2 (K1N), and 9.6 (K1B), and those of boronate esters of 1 for C1SP (KS1; at pH 9.6) in aqueous solutions, together with ratios of stability constants of boronate esters with saccharides of 1/C1SP to 1 (K1S/KS) at are useful to design novel supramolecular fluorescent saccharide probes with excellent binding and signaling properties.
